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THE ENVIRONMENTAL DURABILITY OF FIBER REINFORCED

CERAMIC MATRIX COMPOSITES

t SUMMARY

5 The main objective of this program Is to Investigate the environmental durability of ceramic

matrix composites based on glass-ceramic and polymer pyrolysis matrices, with emphasis on the
relationship between composite properties, microstructure, and chemistry, and the environment

to which the composite Is exposed. This environmental exposure will Include the effect of
oxidation, moisture, and corrosion, under conditions of high temperature and stresses. During3 the first year of the program, the composite system under study consisted of a barium-magnesium

aluminosIlie (BMAS) glass-ceramic matrix reinforced with Sic/SN coated Nicalon SIC fibers.

3From the moisture exposure testing done under this program on WAS matriSIC/SN coated
Nicalon fiber composites, utilizing both water and humidity/furnace cycling to 11 0IC, with both
as-fabricated and prestressed composites, no degradation In composite fiexural properties were

found. it appears that the Interfaclal coating system utilized In the present composite system,

CVD SIC over BN, is quite resistant to moisture and humidity, even when it is exposed to these
environments due to microc.acks introduced Into the normally dense SMaS gnss-ceram• matrix.

From the flowing oxygen exposures performed on the BMAS matrix/SIc/BN coated Nicalon

fiber composites at 9000, 10000, and 1100°C, for times of up to 100 hrs, it was found that no
decrease In flexural strength, elastic modulus, or strain-to-failure of these composites occurred as

a result of these exposure conditions. No significant changes were found In the composite

micrstructure as a result of these oxidative exposures.

For samples cated with sodium sulfate, and then exposed at temperatures of 900-1 000C In
flowing oxygen, degradation of mechanical properties and reactions In the near-surface region of3 the composite were found to occur. The flexural strength of the composites at RT, 1100@, and
12000C decreased from 15-30% for all exposure temperatures. No significant decrease was
noted for the composite elastic modulus or strain-to-failure, however. The short-time tensile

strength at 11 00-C of the composite coated with sodium sulfate did not decrease, however, a
sample tested in stepped tensile stress-rupture at 1 100IC did show a significant drop In ultimate5I fracture stress and total time to failure, compared to a composite with no sodium sulfate coating.
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The appearance of the surface of the composite samples that were coated with sodium

sulfate and then exposed at 9000-10006C was that of a glassy, bubbly scale, with the amount of

visible bubbling generally increasing with temperature. From surface analysis techniques

Including electron microprobe, scanning Auger, X-ray diffraction, and ESCA, it was found that the

sample surface consisted of a sodium containing glassy phase plus crystals of magnesium silicate

(enstatite) and barium aluminosilicate (celsian). Sub-surface microprobe and TEM analysis of

polished composite cross-sections and TEM thin foils verified that the BMAS matrix had reacted to
form a sodium containing glassy phase plus enstatite and celsian. The BN fiber coating appeared

to be selectively attacked by the sodium containing glassy phase. A possible reaction sequence

could be that the Nicalon fibers that are exposed to the surface oxygen are oxidized to silica, with

the sodium sulfate then reacting with the crystalline barium osumilite matrix and the silica to form

crystalline celslan and enstatite, plus a silica rich sodium alumlnosilicate glass and sulfur trioxide

gas:

BaMg 2AI6SigO0 + 2Na 2SO4 + 7SIO2 =* BaAJ2Si20$ + 2MgSIO 3 + 2Na2A12Si60 16 +2SO3

The sodium containing glassy phase then appears to further attack the BN coatings and the

Nicalon fibers.

It was found that burner rig thermal fatigue testing of a BMAS matrWSIC/BN coated Nicalon

fiber composite panel to a maximum of 11 009C hot-spot temperature for 6000 cycles, without the

presence of sodium sulfate, did not degrade the flexural, tensile, or tensile stress-rupture

Properties of the composite or significantly affect the composite near-surface microstructure.
However, with synthetic sea salt being continuously aspirated into the burner flame (-Sppm), the
surface of the composite panel and the nickel based superalloy posts that were holding the

composite in place became severely corroded, with a significant amount of glassy phase formation

and the loss of 4-5 of the twelve plies of coated fibers. Even so, the composite material that was

not totally corroded was not degraded In strength or toughness by the sea salt burner rig

exposure.

From the results of the burner rig test conducted with synthetic sea salt, it was apparent that

this exposure condition was much too severe to realistically simulate the conditions that might be

encountered In a gas turbine engine. The fact that the nickel based superalloy posts were

severely corroded during the test, and were not directly In the burner flame, confirms that the test

conditions were not Indicative of what would occur In actual gas turbine engine operation, since

superalloy component corrosion of this magnitude Is never experienced in the field. A more

realistic test may be a cyclic test where the salt is Introduced periodically by coating the burner rig

2



R94-970439-2

sample with synthetic sea salt, which simulates a gas turbine nozzle component that may

encounter direct deposition of salt water and sea air or while the aircraft is on the ground near the

ocean or on the deck of an aircraft carrier. A burner rig test of this type Is recommended for future

environmental testing of CMC's.

I3
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I. INTRODUCTION

During the past few years, the ceramic matrix composite (CMC) activities at UTRC have dealt
primarily with the utilization of fiber coatings is a means of controlling the fiber/matrix interfaclal
properties In glass-ceramic matrix composites, and the investigation of polymer inflitration, and
pyrolysis as a method to form the matrix In fiber reinforced CMC's.

In the area of coated fiber reinforced glass-ceramic matrix composites, work both In-house at
UTRC and under a current AFOSR contract has identified a coated fiber/glass-ceramic matrix

composite system consisting of a barium aluminosilicate (BMAS) matrix with dual layer SIC over BN

coated Nicalon fibers as having excellent strength, toughness, and oxidative stability to

temperatures of -1200C1 ,2. The BN interfaclal layer acts as a weak, crack deflecting phase,
while the SIC overcoat acts as a diffusion barrier to boron diffusion from the BN into the BWAS
matrix and also to matrix element diffusion Into the fibers.

In addition to glass-ceramic matrix composites, UTRC has recently been Involved in research

Into the formation of fiber reinforced ceramic composites through the polymer Infiltration and
pyrolysis (PIP) processing route. This type of ceramic matrix composite Is more amenable to the

fabrication of large, complex shapes than is the glass-ceramic matrix approach. In-house studies
are dealing with the processing of SI-O-C (Blackglas) and SI3 N4 based matrices, while contract

research Is concentrating on the development of novel air stable SIC precursors (AFOSR) and

crystalline P-SIC precursors for the high speed civil transport (HSCT) program funded by NASA.

While these programs are in their early stages compared to the glass-ceramic composite efforts,

significant progress is being made such that composites processed by PIP will be introduced into

the current program on CMC environmental durability during the second year of effort.

While the oxidative stability of the BMAS matrix/SIC over BN coated Nicalon fiber composites
has been demonstrated to be excellent to temperatures of at least 1100I0, both unstressed and

stressed, no Information has been generated on the effects of actual potential engine

environments that may Include hot corrosion due to suffidation, reactions due to composite to

metal contact, and the effects of moisture, The PIP composites have not been thoroughly

characterized under any environmental conditions, including oxidation. It is the goal of this

current program to expand upon the scope of a current NAWC environmental effects program3 ,

and correlate the interactions that may occur in both glass-ceramic and PIP composites as a result

4

EL



R94-970439-25

of the above mentioned environmental exposures with changes in composite microstructure and
chemistry, In particular that associated with the fiber/coatingtmatrix interfacial regions. These
interactions will then, In turn, be correlated to composite properties.

This report discusses the results of research activities at UTRC during the first year (July 6,
1993 - July 6, 1994) of support under this program.

I5
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II. BACKGROUND I

A. Gas Turbine Engine Environment

in a gas turbine engine, components in and along the gas flow path may be exposed to high
temperatures, mechanical and thermal stresses, corrodents, moisture, and oxidizing atmospheres
with varying levels of oxygen and/or reducing atmospheres. In marine atmospheres experienced
by many Naval aircraft, the compressor section of the engine can accumulate ultra fine sea salt

particles. These salts can be chloride rich or sulfate rich4 ,5 , and can break loose and pass into

other sections of the engine. The combustor section can generate a variety of corrodents and
moisture, some caused by the ingested contaminants and some caused by the combustion

process Itself. Both the turbine section and the augmentor will also be affected by Ingested

contaminants and those produced In the combustor.

On the current NAWC contract, an in-depth study was conducted that related the
environment present in different sections of a gas turbine engine to possible reactions with gas

turbine components3 . For the BMAS matrix composite material under study in this program, the

environment In the combustor, turbine, and augmentor sections of military gas turbine engines

are the most relevant. The following comments from the NAWC study should be considered:

In the combustor, the dense air from the compressor is mixed with fuel and ignited. During

the combustion process, up to 10% water vapor can be produced by the following reaction:

12N2 +30 2 +2(-CH2-)n =: 12N2 +2CO 2 +2H20 (1)

The sulfate salts that spall off compressor components pass into the combustor where they melt,
vaporize, or react with water to form hydroxides. If combustion is non-stoichiometric, carbon

particles may form which can act as catalysts for corrosion.

Turbine

Corrodents entering the turbine from the combustor can be in both the gaseous and

condensed states. Corrodents entering with cooling air for the turbine blades from the high

compressor will be In the condensed state. Those corrodents in the gaseous state will not likely

cause hot corrosion, and deposition is not likely.

6
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Corrodents can enter the augmentor directly from the turbine or from the low compressor
through make-up air ducts. It is unlikely that salts from the combustor or from the afterburner will

condense on the augmentor, and thus corrosion from this source is not likely. The main source of

corrodents In the augmentor will be sea salt particles carried in with the air from the low

compressor. Another source of corrosion ,ould also be the direct deposition of salt water and sea

air while the aircraft is on the ground near the ocean or on the deck of an aircraft carrier.

B. Environmental Durability of Ceramic and Glass-Ceramic Materials and

3 Composites

While ceramic materials such as silicon nitride arid silicon carbide are quite resistant to
oxidation due to the formation of a protective silica layer, they are susceptible to hot corrosion due

to the dissolution of the silica layer by sodium sulfate6 ,7 . Materials such as cordlerite (MAS) can3 also be susceptible to sodium sulfate hot corrosion, but the reaction Is much less severe than with

silicon carbide or nitride6 . It was found that the corrosion of cordlerite in a burner rig at 10000C
resulted in the formation of sodium aluminosilicate and magnesium silicate, with resulting

microcrack formation. It was postulated that the microcracking was caused by either grain
boundary glass devitrification due to sodium Impurities forming a new phase with a larger volume,3 or by sodium sulfate penetration into the cordlerite causing cracking on cooling.

CVI SIC matrix composites reinforced with Nicalon SIC fibers were investigated in oxidative

and corrosive environments by James, at ai8. it was found that the interface, which consisted of a
pre-deposited carbon layer, oxidized at 10000C in very short times with resultant degradation In

composite properties. Combustion environments hastened the degradation and embrittlement
of the composites. it was found that exposure to water vapor and/or sulfur accelerated the

oxidation process, while exposure to sodium weakened the composites due to a sodium

containing glass being formed that tended to dissolve the composite, both fibers and matrix.

The corrosion of CAS glass-ceramic matrix/Nicalon fiber composites by sodium sulfate has

been studied by Wang, et ai9,10. It was found that exposure at 900°C caused severe cracking of

the CAS matrix, which, in turn, allowed penetration of the oxidizing atmosphere into the

composite interior with resultant composite strength degradation and embrittlement. Similar work

by the same authors1 1 found that LAS matrix composites were not attacked severely by a thin

layer of sodium sulfate at 9000C, but that complete immersion of the samples in molten sodium

sulfate resulted in severe attack.

7
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Another type of corrosion reaction to be concerned about is that of reactions due to ceramic
to metal contact. For ceramic composites to be utilized in gas turbine engines, they will

undoubtedly have to be attached to or come in contact with high temperature nickel based
superalloys. In some cases, the ceramic composite/metal interface temperature may be high
enough to cause chemical reaction between the composite and metal. Such reactions could

change the chemistry of the ceramic composite and could also result in dissolution of the
protective oxide scale which is present on nickel-based superalloys.

Reactions at glass-ceramic matrix composite/metal interfaces have been observed previously

at UTRC. Studies performed under a NASC program 1 2 showed that LAS matrix/Nicalon fiber
composites reacted with both MAR-M-200 and Hastelloy X superalloys above -800 0C in air. The

alumina forming MAR-M-2( illoy reacted very severely with the composites above 9000C. with an
unprotective nickel oxide scale forming on the superalloy instead of the protective alumina scale.
The chromia forming Hastelloy X reacted much less severely. It was proposed that the lithia

present in the LAS matrix was reacting with the protective scales, especially alumina, forming
volatile reaction products that resulted in an unprotective nickel oxide scale being formed on the
superalloy. BMAS matrix composites may be much more stable In this regard than the previously
tested LAS matrix composites. The effect of suffidation on glass-ceramic/metal reactions has not
been studied, however it may be of concern since sulfidation attacks the protective oxide scales
formed on superalioys.

As mentioned previously, moisture is also a concern for ceramic materials operating In a gas
turbine environment. With respect to glass-ceramic matrix composites, moisture has long been
known to hav3 a detrimental effect on the strength of glasses due to stress corrosion effects.
Whether this effect manifests itself in glass-ceramic matrix composites is not known, although
water/furnace cycling tests to 80000 at P&W on boron doped LAS matrix/Nicalon fiber composites

(UTRC-200) have resulted in severe degradation in mechanical propertles.

8
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III. TECHNICAL DISCUSSION

A. Materials and Composite Fabrication

During the past year, the CMC material Investigated under this program consisted of a barium-

magnesium aluminosilicate (BMAS) glass-ceramic matrix, reinforced with Nicalon SIC fibers that
had a CVD interfacial coating that consisted of -300nm of BN overcoated with -200nm of SIC.
The BMAS matrix, when crystallized or "ceramed" at 12000C for 24 hrs in Ar, converts to the

barium osumilte (BaMg 2AJ6SigO3) phase. The SIC/BN interfacial coating(s) were applied to the
Nicalon fibers in an atmospheric pressure continuous CVD reactor by 3M, St. Paul, MN. In this
composite system, as mentioned previously, the BN layer acts as the weak, crack deflecting
interfacial phase, while the SIC layer acts as a diffusion barrier that prevents BN diffusion into the

matrix and matrix element diffusion into the BN during composite fabrication1 . The interfacial
microstructure of this composite system can be seen in the TEM thin foil micrograph shown in Fig.
1. Note the elongated nature of the barium osumilite grains and the small amount of residual
glassy phase present at the barium osumilite grainVSiC coating junction.

Three different BMAS matrbx/SiC/BN/Nicalon fiber composites were fabricated for use on this
program during the past year. AN of these composites were fabricated under the usual hot-

pressing procedure at a maximum temperature of 1430C, for 5 mnn, in Argon, followed by a
ceraming step at 12000C, 24 hrs, In Argon. Each composite consisted of twelve plies oriented In a

balanced 01900 layup. The volume fraction of fibers ranged from 43-48%. Composite #154-93

was pressed In a 6" x 9" (15.2 x 22.8 cm) die, while composites #135-92 and #211-93 were 4x 4"

(10.2 x 10.2 cm) In size. The larger composite (#154-93) was utilized for moisture and sodium
sulfate corrosion testing, while the other two composites were utilized for bumer rig testing, with
and without synthetic sea salt added to the flame.

B. BMAS Glass-Ceramic Matrix Composite Characterization

BMAS matrlx/SIC/BN coated Nicalon fiber composite #154-93 was machined Into a number of

flexural test samples of dimensions 3" long x 0.2" wide x 0.1" thick (7.6 x 0.51 x 0.25 cm), and
tensile test samples of dimensions 4" long x 0.5" wide (10.2 x 1.27 cm), with a dog-boned gauge
section of dimennsion 1" long x 0.2" wide (2.54 x 0.51 cm). The flexural tests were performed in
air In 3-pt loadinlg with a span of 2.5" (6.35 cm) and a cross-head speed of 0.05"/min (0.13
cnmlan), at temperatures of 22-, 11000, 12000, and 13000C. The tensile tests were performed in
air at a loading rate of 0.05 cn/min, at temperatures of 220 and I 100C. Stepped tensile stress-

9
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rupture tests were also performed at 11 00-C. Composite #135-92 was also machined Into flexural
and tensile test samples after being subjected to burner rig testing. Composite #211-93, which
was subjected to burner rig testing with synthetic sea salt added to the flame, was only tested in
RT flex before and after burner rig testing, due to the severe corrosive attack that occurred during
the sea salt burner rig testing.

1. Moisture Exposure Testing

As mentioned in the Background section, one of the concerns in utilizing CMC's in gas
turbine engine applications is that of moisture or water attack on either the matrix or the fiber/matrix
interfaclal region. While dense matrix CMC's, such as the glass-ceramic matrix composites being
studied this past year, are not as likely to experience ingress of water or moisture into the matrix
that porous matrix CMC's would, such as the polymer pyrolysis (PIP) or CVI matrix CMC's, they still
could be moisture sensitive, especially the BN containing fiber/matrix interfacial region.

It was thus decided to subject BMAS matrlx/SiC1BN coated Nicalon fiber composite #154-93

to a series of humidity and moisture tests. One of these tests consisted of a cyclic humidity test
where flexural test samples were cycled five times between a humidity chamber at 600C, 95% RH,
into a furnace at 1100I C that contained flowing oxygen. Each cycle consisted of 20 hrs in the
humidity chamber and then 20 hrs in the 1100I C furnace. Another test consisted of cycling test
.samples between a water bath at 8000 and an air furnace at 11000C fora total of 100 cycles. Each
cycle consisted of 20 rmin In the furnace and 5 min In the water bath. This test was not a thermal
shock test, since the samples took about 2.5 min to exit the furnace into the water bath, and vice
versa. The final moisture test consisted of pre-stressing the flexural test samples to 35 ksi (240
MPa) in 3-pt flex, which Is above the usual matrix microcrack proportional limit stress of -26 ksi
(180 MPa) and thus simulates a damaged composite component, and then subjecting them to the
above water/11 000C furnace cyclic test for 100 cycles. All of these tests were meant to simulate a
situation where a gas turbine engine component, such as an augmentor seal or nozzle flap, would
be subjected to a humid or rain environment, and then be quickly heated to maximum

temperature as would be experienced In a scramble take-off situation.

After the humidity and moisture exposures, the test samples were subjected to 3-pt flexural
testing at RT, 11000, 12000, and 13000C in air, and compared to baseline values for as-ceramed
composite material. The results of these tests are shown In Table I. As can be seen from Table I,
none of these humidity or moisture/furnace environmental exposure tests had any effect on the
ultimate flexural strength, elastic modulus, or strain-to-failure of the BMAS matdx/SiC/BN coated
Nicalon fiber composite material. Even those samples that were pre-stressed beyond their matrix

10
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3microcrack limit, thus exposing the fiber/coating/matrix interfacial region to the moisture and
furnace atmosphere, did not show any degradation in flexural properties as a result of this
exposure. Previous water/furnace cyclic testing at P&W conducted on LAS glass-ceramic

II matrbx/Nicaion fiber composites with in-situ formed carbon fiber/matrix Interfacial regions, as well
as other types of CMC's, such as CVI SiC/SIC, showed a significant amount of composite strength3 degradation after these environmental exposures.

it appears that the interfaclal coating system utilized In the present composite system, CVD
SIC over BN, Is quite resistant to moisture and humidity, even when it Is exposed to these
environments due to microcracks In the normally dense BMAS glass-ceramic matrix. A sample of
3M BN coated Nicalon fiber (no SiC overcoat) was subjected to a 14 day exposure at 95% RH at
1406F (600C). The resultant average RT UTS of the exposed fibers was 398 ksi (2.74 GPa), which
is stronger than most as-coated fibers. A scanning Auger depth profile analysis of a BN coated
Nicalon fiber that had been exposed to 100% RH at 120OF for 72 hrs showed no change In the
composition or morphoiogy of the BN coating. This is contrary to the results of Matsuda 13 , who
found that BN deposited from boron trichiodde plus ammonia at temperatures below -14000C was
very unstable In the presence of moisture, with the formation of ammonium borate hydrates
occurring.

The different results found for the 3M BN coated Nicalon fibers are possibly due to the very
low oxygen content of the 3M BN (<c4%), and the fact that the 3M BN contains -15%C, and Is

Smost Ikely deposited from a precursor other than boron tdchiorde plus ammonia, The exact.
precursor utilized by 3M to deposit the BN fiber coatings is not known, since it is considered3 proprietary by 3M. One other difference Is that Matsuda utilized powdered BN samples for his
studies, with their resultant very high surface areas compared to the coated fibers. In any case,
environmental degradation of the BMAS matrix/SiC over BN coated Nicalon fiber composite
system caused by humidity or moisture exposure does not appear to be a problem, at least under
the conditions utilized under this program.

2. Oxidation and Corrosion (Na82 04) Furnace Exposure Testing

i la. Flexurhl Testing

Flexural samples of WMAS matrix/SIC over BN coated Niceion fiber composite #154-93 were
exposed to a flowing oxygen environment for 100 hrs at temperatures of 900, 10000, and
1100*C, both in the as-ceramed condition and after being coated with -5 mg/cm2 of sodium
sulfate. The samples were weighed after one, ten, and 100 hrs of exposure. After exposure, the
samples were subjected to flexural testing at RT, 11000, 12000, and, in some cases, 13000C, with

11
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the results being compared to baseline flexural properties of as-ceramed samples. Analyses

conducted on exposed samples consisted of SEM, electron microprobe, scanning Auger, X-ray

diffraction, and ESCA examination of composite surfaces, electron microprobe and TEM replica

analyses of polished composite cross-sections, and TEM thin foil analysis of selected regions of

the composite.

The results of flexural testing of the oxidized and sodium sulfate coated composite samples,

compared to as-ceramed samples, are presented in Table II. Some of the elevated temperature

tests were limited to ultimate flexural strength determinations only, due to problems with the

extensometry used to determine flexural modulus and strain-to-failure. From the results

presented In Table II, it can be seen that the flowing oxygen exposures at 9000, 10000, and

11000C for 100 hrs, on samples that were not coated with sodium sulfate, did not decrease the
flexural strength, elastic modulus, or strain-to-failure of the BMAS matrix/SIC over BN coated

NIcalon fiber composites. For the samples coated with sodium sulfate, the flexural strength values

did appear to be decreased somewhat (15-30%) for all exposure temperatures. No significant

decrease was noted for the composite elastic modulus or strain-to-failure, however.

The weight changes recorded for the exposed composite samples are presented in Table Ill.

it can be seen that the samples not coated with sodium sulfate showed essentially no measurable

change in weight after the oxidation exposures. Those coated with -30mg of sodium sulfate lost

weight after one hour of exposure, with no significant weight changes occurring between one

hour of exposure and 100 hrs. This loss in weight Is undoubtedly due to the evolution of S03

during the exposure test. All samples ended the exposure testing with weight gains of between

10 and 17 mg. It Is obvious that reactions are occurring between the sodium sulfate and the

BMAS matrix composite at all temperatures from 900(-1 1000C, even though under the conditions

utilized, Jacobson's analysis for the boundaries of sodium sulfate hot corrosion of silica layers

under equilibrium conditions 7, predict that above the dew point of sodium sulfate (-9540C) it will

not stay In a condensed form, and thus corrosion will not occur. In the present case, however,

equilibrium conditions may not exist, and the BMAS matrix is a much more complex system than

pure silica.

Figures 2, 3, and 4 show the flexural samples that were coated with sodium sulfate and

exposed in gently flowing oxygen for 100 hrs at 9000, 10000, and 11000C, respectively. As can

be seen In these figures, a glassy, bubbly, scale has formed on the composite surfaces, with the

amount of visible bubbling generally increasing somewhat with temperature. In comparison to the

composite samples that were oxidized with no sodium sulfate coating, as shown In Fig. 5, the

coated samples definitely exhibited surfaces that were more reacted.
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Il
b. Microstructural and Chemical Analyses

Il A variety of analyses were conducted on the composite samples that were coated with
it sodium sulfate and then subjected to the high temperature oxidation exposures, In order to

5 ~ identify the surface and sub-surface reactions that had occurred and the reaction products
formed.

£1 (1). Surface Analyses

3 Figure 6 shows an electron microprobe analysis of the surface of the composite oxidized at
1 100C• for 100 hrs with a sodium sulfate coating, while Fig. 7 shows the same composite surface

i in a region that was not coated with sodium sulfate. While both surfaces appear somewhat rough,I with both obviously crystalline and rather amorphous appearing features, the amount of glazing

and cracking and the size of the features Is greater for the composite that was coated with sodium3 sulfate. Area one in Fig. 6 appears to consist of a magnesium silicate, with very little sodium arnd
S alumhinm anid no barium, while area 4 in Fig. 6 appears to consist of a barium alurninosicate, with

some sodium but no magnesium. In Fig.?7, the surface appears to consist of a barium-magnesiumI ~ aiuminositicate phase (barium osuuriite) plus a region rich In magnesium. In Fig. 8, which shows
the sodium sulfate coated surface at higher magnification, at least three distinct phases can be
seen: Area 1, which appears to consist of a silicate glass with some aluminum; Area 5, which
appears to consist of magnesium silicate crystals; and Area 6, which appears to be crystalline
badumn aiuruinoeilicate, with a small amount of sodium. A small amount of carbon is also present hi3 aN of the regions of the oxidized composite, whether coated with sodium sulfate or not.

i In order to analyze lust the very surface of the oxidized composite, a scanning Auger surface
i analysis was conducted on a sample that was coated with sodium sulfate and then oxidized at

1000°C for 100 hrs. Figure 9 shows a scanning Auger elemental map for Ba, Al, and Mg of a3i region with a significant number of needle-like crystals on the composite surface. From this map, it

can be seen that the needle-like phase is high in Mg, with no Ba or NI, while other, more blocky
crystals are high In Ba and AN, with no Mg. From the scanning Auger chemical analysis shown inU Fig0. ID, the needle-like phase is confirmed to be a magnesium silicate, the blocky crystals a barium
ahavinosiiate, and the rest of the surface a barium-magnesium siumrinosilicate. Interestingly, no
sodium was detected by the scanning Auger analysis of the composite surface.

From X-ray diffraction analysis of the oxidized surface of a sodium sulfate coated composite£ sample, as shown in Fig. 11 along with the X-ray pattern of an as-warnmed composite, it Is obvious
that the magnesium silicate and barium aluminosilicate crystals seen In the electron microprobe
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and scanning Auger analyses, consist of enstatite (MgSI03) and ceislan (BaAI2 Sl2O), while the
BMAS phase Is the normal barium osurilite matrix. While the scanning Auger and X-ray diffraction

analyses did not detect any sodium containing phases, the electron microprobe analyses (Figs. 6-

8) did detect very slight amounts of sodium in some regions of the oxidized composite surface.
The presence of sodium was confirmed by the ESCA, or XPS (X-ray photoelectron

spectroscopy), analysis of a composite surface as shown In Fig. 12. In this analysis, In which a i
rather large area (1rmm) of the composite surface is analyzed, a significant amount of sodium (-4.5

at %) was detected. The reason that sodium was not detected from the scanning Auger analysis

is that sodium is known to migrate away from the concentrated electron beam in the scanning

Auger analysis of amorphous materials.

A possible reaction sequence Is that the Nicalon fibers that are exposed to the surface

oxygen may be oxidized to silica, with the sodium sulfate then reacting with the crystalline barium

osumilite matrix and the silica to form crystalline ceislan and enstatite, plus a silica rich sodium

afuminosi•cate glass and sulfur trioxide gas:

BaMg2 NS190 30 + 2Na2 SO4 + 7SIO2 =* BaA12Si2V 8 + 2MgSiO3 + 2Na2A12Si60 16 +2SO3 (2)

A similar scenario was postulated as the mechanism for the sodium sulfate corrosion of cordlerite

(MAS) glass-ceramic composites 3 . The sodium containing glassy phase then may continue to

react with the SiC/BN coated Nicalon fibers.

(2). Sub-Surface Analyses

Polished cross-sections of BMAS matrLx/SIC/BN coated Nicalon fiber composite #154-93

flexural samples with sodium sulfate coatings that had been exposed to flowing oxygen at 11 00OC
for 100 ie were subjected to electron microprobe and TEM replica analyses. In addition, TEM
thin foil analyses were conducted on the fiber/coating(s)/matrix Interfaclal regions of the

composites. Figure 13 shows electron microprobe elemental scans taken from a polished comer
section of an exposed flexural sample. It can be seen that the surface of the sample has become

quite rough, with an obviously reacted region extending 100 to 300 microns Into the composite.
A significant amount of porosity can be seen in the reacted region, along with magnesium rich

phases coupled with a considerable amount of sodium diffusion Into the composite. A higher

magnification elemental scan Is shown In Fig. 14, with severely reacted Nicalon fibers In a glassy

phase that obviously contains crystalline phases that are either rich In Mg or Ba. Another

micrograph of the region detailed In Figs. 13 and 14 is shown in Fig. 15, and appears to Indicate
that the corrosion of the 0/900 layup composite Is more severe for the 900 layers that are exposed

to the environment than for the 00 layers.

14
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TEM repic and thin foil analyses were also performed on the region of composite #154-93
that was shown In Figs. 13-15. The TEM replica characterization shown in Figs. 16 and 17
indicates that the attack of the coated Nicalon fibers is very localized to the region near the
ompost. surface that consists of the sodium containing glassy phase, and appears to selectively

Initiate in the SIC'BN coating. TEM thin foil analysis verifies that the BN layer within the SIC/BN

coating is being attacked first by the sodium containing glassy phase. Figure 18 shows two
SIC/dN coated Nicalon fibers separated by a glassy matrix phase at the very edge of the reacted
region of the composite. The SIC/BN layer is Intact on the lower fiber in Fig. 18, while on the

upper fiber, the BN layer is very spotty and appears to have been partially dissolved by a glassy
phase. The upper fiber In Fig. 18 also appears to have a somewhat enlargsd grain size, compared

to the lower fiber.

Figure 19 shows a TEM thin foil micrograph of a region closer to the composite surface where
the Nicalon fibers have been severely attacked. The Nicalon fiber appears to be separated from

the glassy matrix by two regions: (1) a somewhat discontinuous light colored zone that contains
pumainly Si and 0, with minor amounts of other matrix elements such as Mg, Al, and Ba, but with
signliceant amounts of Na and S; and (2) a continuous layer next to the fiber surface that is primarily

SI and 0, with minor Na. Figure 20 shows selected area electron diffraction patterns of the glassy

maetx (1), the Nicion iber (3), and the ight colored reaction product (2) th contained the Na and
S. This reaction product Is crystalline in nature and is currently In the process of being Identified.

c. Tensile Testing

Tensile tests were peorormed on BMAS matrix/SIC/BN coated Nicalon fiber composite #154-

93 at FIT, and at 1100DC in air with and without sodium sulfate coatings on the gauge section of
the tensile samples. In addition, stepped tensile stress-rupture testing was performed at 11 00C,
with and without sodium sulfate coatings. The tensile stress-rupture testing was initiated at a

stress of 12 ksl (83 MPa), which Is approximately equal to the proportional limit, or matrix
microcrack, stress In tension at 11 00C. The stress was held for -50 hrs, then Increased in 2 ksl
(13.8 MPa) Increments, with a hold of -50 hrs at each stress level, until failure. The results of
these tests are presented in Table IV.

From Table IV, it can be seen that the tensile strength of composite #154-93 is - 46 ksi (317
MPa) at RT, Increasing slightly to -0 ksl (344 MPa) at 1100-C. The strain-to-falure also increased

somewhat from RT to 11000C, while the elastic modulus decreased. This is due to the slight
softening of the residual glassy phase present in the matrix between the barium osumrifte grains.
The results for composite #154-93 are comparable to previously obtained values for other
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composltes in the BMAS mratrWSiC/BN coated Nicalon fiber composite system1 ,2. With -4mg/cc
sodium sulfate coated on the gauge section of the tensile sample, the short time 11 000C tensile

properties of the composite are essentially unaffected.

The stepped tensile stress-rupture properties of the uncoated composite sample at 11000C
are in the lower end of the range of previously tested 0/900 ply lay-up BMAS matfix/SIC/BN coated

Nicalon fiber composites. These composites usually fail at stress levels of 28-34 ksi (193-234

MPa), and total times of 500-900 hrs. With sodium sulfate coated on the gauge section, however,
the tensile stress-rupture failure stress dropped to 22 ksl (152 MPa) after an exposure time under

stress of only 266 hrs. While the fracture surface of this sample appeared quite fibrous, there was

a significant amount of surface bubbling and glazing, similar to the furnace exposed composite
sample that was shown In Fig. 4. Further analysis of the sodium sulfate coated tensile and tensile
stress rupture samples is currently in progress.

3. Burner Rig Tesltng

Burner rig thermal fatigue testing of BMAS matrLx/SIC/BN coated Nicalon fiber composite
panels was conducted at Pratt & Whitney, E. Hartford, CT. The Impingement burner rig used In

this program has a 2" (5.1 cm) diameter nozzle, burns standard jet engine "et A" fuel, and has a

hot gas velocity of 0.7 Mach. The high gas velocity and the flame Impingement result in vibration
and erosion actions that simulate the actual gas turbine engine environment. A schematic of the
burner rig utilized is shown in Fig. 21, with the provision for continuously aspirating a synthetic sea

salt solution Into the flame during the test. Figure 22 shows the burner rig in operation with an

LAS matrix composite panel In the test fixture. Burner rig thermal fatigue testing of a variety of

LAS matrix composites was conducted previously under a NADC program14 .

The burner rig test cycle utilized under the current program consisted of a 1100 C maximum
temperature on the front face of the panel, with the panel being cycled in and out of the flame for

6000 cycles. The test cycle consisted of 50 seconds of burner exposure and 10 seconds of

forced air cool when the specimen is away from the burner. During the forced air cool, the
temperature of the front face of the panel decreased to less than 6000C. The BMAS matrix

composite panels were held in place with slotted posts of PWA 1480 nickel based superalloy.

a. Burner Rig Testing Without Sea Salt Added to the Flame

Figure 23 shows the visual appearance of the hot side of BMAS maWSI/N coated Nicalon

fiber composite panel #135-92 after the 1100I:C, 6000 cycle, burner rig test with no injected sea
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salt, and the ultrasonic NDE analyr.es of this panel both before and after the burner rig test. A
detailed description of the ultrasonic NDE techniques and equipment utilized at UTRC to conduct
these tests has been given In Ref. 15, and will not be repeated here. The NDE analyses inere run

at a frequency of 25 MHz with an attenuation range of 0 to 126 dB/cm. The frequency and
attenuation scale was chosen so that some structure of the panels could be detected, such as the

0/90& plies and surface Imperfections transferred to the composite surface from scratches or nicks

In the graphite dies used to hot-press the panels.

From Fig. 23, it can be seen that the composite hot surface shows very little evidence of the
burner rig test, other than a slight discoloration In the center (hot) region, and some Indications on
the sides of where the panel was held by the superalloy slotted posts. No visible Interaction

occurred between the BMAS matrix composite and the nickel based superalloy posts, unlike

previous studies 15 where obvious reactions were seen along the edges of LAS matrix composite

panels subjected to identical burner rig testing at a maximum temperature of 9859C. The
ultrasonic NDE analyses shown In Fig. 23 before and after burner rig testing are very similar, with
1tile change In the ulasonic wave attenuation. The one attenuated spot that can be seen on the

left side of both NDE analyses is a surface imperfection caused by a gouge in the graphite spacer

utmzed dun composite fabrication.

Figure 24 shows an electron microprobe elemental map of a polshed cross-section of the hot

fac of composite #135-92 after the 11000C, 6000 cycle, burner rig test. No differences can be
soon In the elemental distribution In the matrix from the surface to Interior, nor can any obvious
attack of the Nlcalon fibers be seen noar the hot face of the composite.

After the burner rig testing, composite #135-92 was machined Into flexural and tensile
samples, and subjected to flexural tests (hot side in tension) at RT, 11000, and 12000C, tensile
tests at 11000 and 12006G, and a stepped tensile stress-rupture test at 11000C. The results of

these tests are shown In Table V. As can be seen from the data In this table, the flexural and
tensile properties of this composite were as high, or higher, than that measured on the as-
ceramed composite #154-93, as reported In Tables I and IV. The 11000C stepped tensile stress-
rupture test resulted In a final fracture stress of 32 kal (220 MPa), after 730 hrs in air under

gradiaIly Increasing stress levels. This fracture stress Is -70% of the ultlmate short time tensile
strngthat 1100C. it can thus be concluded that burner rig exposure at an 11000C maximum

temperature for 6000 cycles In a Mach 0.7 burner flame does not degrade the properties or
signrifcanty affect the micrstutre of the BMAS matrix/SIC/BN coated Nicalon fiber composite

syster1
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b. Burner Rig Testing With Sea Salt Added to the Flame

An 11009C, 6000 cycle, burner rig test was conducted on BMAS matrix/SiC/BN coated
Nicalon fiber composite panel #211-93, with an aqueous solution of synthetic sea salt
continuously aspirated into the flame at a concentration level of -5 ppm. The composition of the

synthetic sea salt was -27.35 wt% Na+, 6.8% Mg++, 0.8% Ca++, 6.0% S0 4 ", and 59.05% CI.
The test was Interrupted at -3000 cycles to photograph the panel hot side surface.

The front (hot) surface of composite #211-93 after 3000 cycles at 11 000 C in the burner rig
with 5 ppm sea salt aspirated into the flame is shown In Fig. 25. As can be seen, a significant
amount of corrosion occurred during the 3000 cycle (50 hr) burner rig exposure. The surface had
the appearance of a glassy flow radiating out from the center of the panel where the burner flame
was concentrated. The nickel based superalloy posts holding the panel in place were also
severely corroded, as shown in the higher magnification photo in Fig. 26.

After completing the 6000 cycle (100 hr) burner rig test, composite #211-93 exhibited
additional distress, as shown in Fig. 27. The surface of the composite panel was severely eroded,
and the amount of glassy droplets concentrated around the edge of the panel had Increased
during the additional 3000 cycles. While not shown In Fig. 27, the metal superalloy posts were
almost corroded away to the point of not being able to hold the composite panel in place.

After the completion of this test, the composite panel #211-93 was machined Into flexural
samples. The side of one of these flexural samples machined from the center region of the panel
is shown in a photo montage from and to end in Fig. 28. It can be seen that in the center region of
the panel, approximately hagf of the panel thickness has been corroded away. The large glassy
droplets can be seen to be concentrated near the edges of the panel surface. No corrosion

occurred on the back (cool) side of the panel, with the only effect being near the edges where

glassy droplets have migrated around the panel edge from the front side.

The only mechanical property tests conducted on composite panel #211-93 were two RT 3-pt
flexural tests, one from the edge of the panel prior to the sea salt burner rig exposure, and one
after exposure. The test after exposure was conducted on the sample shown in Fig. 28, with the
back, or smooth, side in tension, and the reduced thickness measured as close as possible from
Fig. 28. Taking this reduced thickness Into account, the strength of the remaining composite
material after the sea salt burner rig exposure [66 ksl (454 MPa)j was approximately the same as
that prior to the exposure [71 ksl (490 MPa)]. Thus, the composite material that was not totally

corroded was not degraded in strength by the sea salt burner rig exposure.
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One of the flexural samples was subjected to wet chemical analysis, Including a water leach
test to detect water soluble salts. Only a small amount of Na and SO4 -2 water soluble salt was

detected, however a significant amount of both acid soluble (glassy) and acid insoluble
(crystalline) Impurities of Na and Ca were found, as well as minor amounts of Fe, Co, and Ni. The

Batter elements are undoubtedly a result of the corrosion of the nickel based superalloy holders or

erosion of the burner duct during the test, with subsequent deposition on the composite panel.

To date, the only microstructural analysis conducted on composite panel #211-93 after the

sea salt burner rig test was an electron microprobe elemental scan of the corroded surface area.
Near the edge of the panel, as shown In Fig. 29, a very thick glassy layer with large pores or

bubbles In it has formed on the panel surface. This layer consists of a silicate glass containing the
elements Al, Ba, and Mg from the composite matrix, and Na and Ca (and possibly Mg) from the sea
sakt. No sulfur was detected in the glassy layer from the electron microprobe analysis. The center

of the panel, as shown In Fig. 30, had approximately four of the twelve 0/900 plies totally eroded
away, with the next two exhibiting partial reaction and erosion. No distinct glassy layer was evident
in the center section of the panel, but a significant amount of Na (and some Ca) was detected In
the matrix region where partially dissolved Nicalon fibers, plus porosity, could be seen. Figure 30

appears quite similar to the composite surface region shown In Fig. 13 for composite #164-93,

that was coated with sodium sulfate and then eoposed at I 100-C for 100 hrs In flowing oxygen.

From the results of the burner rig test conducted with synthetic sea salt being continually

aspirated Into the flame during the 6000 cycle test, it was apparent that this exposure condition
was much too severe to realistically simulate the conditions that might be encountered in a gas
turbine engine. The fact that the nickel based superalloy posts were severely corroded during
the test, and were not directly In the burner flame, confirms that the test conditions were not

Indicative of what would occur in actual gas turbine engine operation, since superalloy component
corrosion of this magnitude is never experienced in the field. A more realistic test may be a cyclic
test where the salt is introduced periodically by coating the burner rig sample with synthetic sea

salt, which simulates a gas turbine nozzle component that may encounter direct deposition of salt
water and sea air or while the aircraft is on the ground near the ocean or on the deck of an aircraft
carrier. A burner rig test of this type is recommended for future environmental testing of CMC's.
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IV. CONCLUSIONS AND RECOMMENDATIONS

From the results of the first year's work on this program, certain conclusions and

recommendations can be made. From the moisture exposure testing done under this program on
BMAS matrlx/SIC/BN coated Nicalon fiber composites, utilizing both water and humidity/furnace
cycling to 11 00IC, with both as-fabricated and pre-stressed composites, no degradation in
composite flexural properties were seen. It appears that the interfacial coating system utilized In
the present composite system, CVD SIC over BN, is quite resistant to moisture and humidity,
even when it is exposed to these environments due to microcracks introduced Into the normally
dense BMAS glass-ceramic matrix. During the next year, similar tests will be conducted on
polymer infiltrated and pyrolyzed (PIP) matrix composites. With their inherent surface connected
porosity, these types of CMC's may be moisture sensitive.

From the flowing oxygen exposures performed on the BMAS matrWx/SiC/BN coated Nicalon

fiber composites at 900°, 1000@, and 11000C, for times of up to 100 hrs, it was found that no
decrease In flexurai strength, elastic modulus, or strain-to-fallure of these composites occurred as

a result of these exposure conditions. No significant changes were found In the composite
microstructure as a result of these oxidative exposures. From concurrent work being conducted

under an AFOSR program 1 6, it has been found that oxidation of the coated Nicalon fibers that are
very close to the composite surface does occur for longer times at 11000 and 12004C. However,
the effect on composite properties Is not significant. This may not be the case for the porous
matrix PIP CMC systems, which will be investigated during the next year of the program.

For samples coated with sodium sulfate, and then exposed at temperatures of 9000-1 000.C In

flowing oxygen, degradation of mechanical properties and reactions in the near-surface region of

the composite were found to occur. The flexural strength of the composites at RT, 11000, and
12000• decreased from 15-30% for all exposure temperatures. No significant decrease was

noted for the composite elastic modulus or strain-to-failure, however. The short-time tensile

strength at 11000C of the composite coated with sodium sulfate did not decrease, however, a
sample tested in stepped tensile stress-rupture at 11001C did show a significant drop in ultimate
fracture stress and total time to failure, compared to a sample with no sodium sulfate coating.

The appearance of the surface of the composite samples that were coated with sodium

sulfate and then exposed at 9000-10000C was that of a glassy, bubbly scale, with the amount of

visible bubbling generally Increasing with temperature. From surface analysis techniques

including electron microprobe, scanning Auger, X-ray diffraction, and ESCA, it was found that the
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sample surface consisted of a sodium containing glassy phase plus crystals of magnesium silicate
(enstatite) and barium aluminosilicate (celslan). Sub-surface analysis of polished composite cross-
sections and thin foils verified that the BMAS matrix had reacted to form a sodium containing

glassy phase plus enstatite and celslan. The BN fiber coating appeared to be selectively attacked

by the sodium containing glassy phase. A possible reaction sequence Is that the Nicalon fibers
that are exposed to the surface oxygen may be oxidized to silica, with the sodium sulfate then
reacting with the crystalline barium osumilite matrix and the silica to form crystalline celsian and

enstatite, plus a silica rich sodium aluminosilicate glass and sulfur trioxide gas:

BaMg2AI6SigO93 + 2Na 2SO4 + 7SIO2 =* BaAJ2Si2O8 + 2MgSIO 3 + 2Na 2A12 Si60 16 +2SO3

The sodium containing glassy phase then appears to further attack the BN coatings and the5 Nicalon fibers.

It was found that burner rig thermal fatigue testing of a BMAS matrlx/SIC/BN coated Nicalon3 fiber composite panel to a maximum of 11 00C hot-spot temperature for 6000 cycles, without the
presence of sodium sulfate, did not degrade the flexural, tensile, or tensile stress-rupture

properties of the composite or significantly affect the composite near-surface microstructure.

However, with synthetic sea salt being continuously aspirated Into the burner flame (-5pfpm), the
surface of the composite panel and the nickel based superalloy posts that were holding the
composite In piace became severely corroded, with a significant amount of glassy phase formation
and the loss of 4-5 of the twelve plies of coated fibers. Even so, the composite material that was
not totally corroded was not degraded In strength or toughness by the sea sait burner rig
exposure.

From the results of the burner rig test conducted with synthetic sea salt being continually

added to the flame during the 6000 cycle test, it was apparent that this exposure condition was

much too severe to realistically simulate the conditions that might be encountered In a gas turbine
engine. The fact that the nickel based superally posts were severely corroded during the test,
and were not directly In the burner flame, confirms that the test conditions were not Indicative of

what would occur in actual gas turbine engine operation, since superalloy component corrosion of

this magnitude Is never experienced In the field. A more realistic test may be a cyclic test where
the salt Is Introduced periodically by coating the burner rig sample with synthetic sea salt, which
simulates a gas turbine nozzle component that may encounter direct deposition of salt water and

sea air or while the aircraft Is on the ground near the ocean or on the deck of an aircraft carrier. A
burner rig test of this type is recommended for future environmental testing of CMC's, and will be
utilized during the next year of the program for both glass-ceramic and PIP matrix composites.
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Table I

Flexural Test Results (3-pt) on BMAS Matrix/SIC/SN Coated Nicalon FiberI Composite #154-93 After Various Moisture Exposures
(0/900 Fiber Orientation)

ie Conre ons FMexural StreMoih-kUi WMPaM / IE-rni (GPal IE, -%3TBI 1110 13000C

As-ceramed (1200-C, 24hrs, Ar) 74 (512) 93 (642) 67 (462) 45 (308)
[18.0 (124)] [11.0 (76)] [8.5 (59)1 [6.0 (41)]

0.61% 1.07% 1.06% 1.04%

Cyclic, humidity (95% RH, 600C) 76(524) 91(629) 78 (540) 48 (330)
to 1100 C, 02, 5 cycls [18.5 (128)] [11.6 (80)1 [9.5 (66)] [7.9 (55)]

(20 hrs/cyde) 0.63% 1.00% 1.05% 0.99%

Cyclic, 80C water to 1100C air 73 (503) 98 (674) 73 (503) 40 (278)
20 min furnace, 5 min H20 [18.2 (126)] [11.6 (80)1 [9.7 (67)] [6.6 (46)]

(100 cycles) 0.56% 0.98% 1.00% 1.08%

Prestressed to 35 ksi (240 MPa), 70 (483) 84(576) 69 (473) -
then cycled from 800C water [17.0 (117)] [9.8 (67)] [8.7 (60)]
to 1100°C air for 100 cycles 0.56% 1.05% 0.99%

I2
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Table II

Flexural Test Results (3-pt) on WMAS Matrix/SIC/BN Coated Nicalon Fiber
Composite #154-93 After Oxidation and Sodium Sulfate Exposures

(0/900 Fiber Orientation)

As-ceramed (1200°C, 24hrs, Ar) 74 (512) 93 (642) 67 (462) 45 (308)
[18.0 (124)] [11.0 (76)1 [8.5 (59)] [6.0 (41)]

0.61% 1.07% 1.06% 1.04%

9000C, 100 hrs, 0 2  66(457) - - -

[20.8 (143)]
0.52%

900°C, 100 hrs, 02 (Na 2 SO4) 57(390) 47(321) 57(396) I

(-5 mg/cc Na 2SO4 ) [17.5 (121)] [9.5 (66)] ?
0.48% ? ?

1000-C, 100 hrs, 02 73(505) IiI
[19.5 (134)1

0.53%

1000-C, 100 hrs, 02 (Na 2 SO4 ) 62(428) 68 (470) 60 (415)

(-5 mg/cc Na2SO4 ) [16.4 (113)] [11.8 (81)1 ?
0.50% ? ?

1100-C, 100 hrs, 02 70 (483) 73 (505) 70 (483) 41(281)
[18.6 (128)] [10.9 (75)] [9.7 (67)1 [6.8 (47)]

0.65% 0.88% 1.09% 0.86%

1100°3C, 100 hrs, 02 (Na 2SO4 ) 52 (356) 77 (528) 47 (324)

(-5 mg/cc Na2S0 4) [17.4 (120)] [11.4 (79)] [8.5 (59)1
0.52% 0.83% 0.99%
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Table III

Typical Weight Changes As a Result of 100 Hr Flowing Oxygen Exposure for BMAS
Matrix/SIC/BN Coated Nicalon Fiber Composite #154-93 Flexural Samples

(With and Without Na 2 SO4 )

Wiof TAMVA- Of A de04 Weigh Channe After exposur (mn
i 1Mr 100 hrsm I=

9000C none -1 -1 -1 -1

3 +27 -13 -13 -14 +13

3 10000C none -2 -2 -2 -2

a +32 -19 -23 -22 +10

1100 0C none -1 -1 +1 +1

U +27 -12 -13 -10 +17
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Table IV

Tensile Test Results for BMAS Matrix/SlC/BN Coated Nicalon Fiber
Composite #154-93 with and Without Sodium Sulfate

(0/90° Fiber Orientation)

Without Sodium Sulfate

IA~atmumeUT L sMal PL -klMM I- Ea _ NB

RT 46(317) 14.6 (101) 19.2 (132) 0.56

11000c 50 (317) 12.3 (85) 11.9 (82) 0.76

1100oC Stepped Tensile Stress Rupture - 12-28 ksi (83-193 MPa), total 497 hrs

With Sodium Sulfate (.4mg/cc)

Iegamme w~k al P~L -MEA) F O

RT Not Deternined

1100*C 46.3 (320) 10.7(74) 10.9 (75) 0.77

1100IC Stepped Tensile Stress Rupture - 12-22 ksl (83-142 MPa), total 266 hrs

28
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3 Table V

Mechanical Properties in Air for BMAS MatrIx/SIC/BN Coated Nicalon Fiber Composite
#135-92 (0/90-)

(After 1100°C, 6000 cycle, Burner Rig Test)

Flexural Propartkle (Not Side In Tension)

RT 100 (690) 26(180) 20.5 (142) 0.79

1100C 97 (670) 20(140) 14.8 (102) 0.86

312000C 79(545) 11.5(79) 11.5(79) 1.03

TAnalile Prolmrtles

IMnDRabiM Lr kiM(U&L PL -a W~al E - Eari ffZ1

RT Not Determined

3 1100C 46(317) 14.6 (101) 11.1 (77) 0.88

12000C 45 (310) 10.5 (72) 8.0(55) 0.93

1100C Stepped Tensile Stress Rupture - 10-32 ksl (69-220 MPa), total 730 Ihs

I,2
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Fig. 2 PlxFhnl Test Saimple of BUMA Matr~xSICIBN Coated Nicalon Fiber Composite #154-93
(9000C, 100 bra, 0., NaSO)

PG232.5



II _m

3IludTmSnl fWSMMMM oam iao ie opst 149
( 10I 0 r , 0 , N 2 O G 3 .



1 mm

Fig. 4 Flexural Test Sample of SMAS Matrix/SI•CBN Coated Nicalon Fiber Composite #154-93
(11000C, 100 hrs, 0., Na2SO)
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FIg. 6 Electron Microprobe Analysis of the Surface of BMAS Matrlx/SIC/BN Coated Nlcalon
Fiber Compoeft. #154-93 (11000C, 100 hra, 09, NaSO.) I
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Fig. 8 Electron Microprobe Analysis of the Surfac, of BUAS MatrixISIC/BN Coated Nicaton
Fiber Composite #154-93 (11000OC, 100 hra, 02, Na2SO)
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FIg. 9 Scanning Auger Elemental Map of the Surface of BMAS MatrixISlC/BN Coated Nicalon3 Fiber Composite #154-93 After 10000C, 100 hr., 02 (Na2SO4) P221
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Fig. 12 ESCA Analysis of the Surface of BMAS Matrix/SIC/BN Coated Nicalon Fiber Composite
#154-93 After 1000I C, 100 hrs, 02 (Na2SO,)
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FRg. 13 Electron Microprobe Elemental Sceen of B3MAS/SICMIDN/Ncalon Composite #154-93
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Fig. 15 SlAS MitWxISICMIN Cooted Nicalon FIbe Composite #154-93 (Expo"d to NaSO4 for
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Figl. 21 Schematic of P&W DuctUd Burner Rig With Balt Injection P223
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SMAS MatuIx/SIC�BN Caa�sd Nicalon Fiber Composite flu-OS After 1 1000C, 3000 Cycle
Burner Rig Test (5ppm See Suit Added to Flame)I P0232.25
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Fig. 26 BMAS MatrlxISIC/BN Coated Nicalon Fiber Composite #211-93 and PWA 1480 Nickel Based3 Superafloy Poets After 11000C, 3000 Cycle Burner Rig Test (5ppm Sea Saft Added to Flame)
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A.

C.

2 mm

Crgesse2o of SMAS -erx~iINCosted Nicalon Fiber Composite #211-93 After3 ~11000C, 600 CycI. Burner Rig Test (Sppm Some Seft Added to Fleme)
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